. In the tibial plafond, zone 3, the anterior-lateral zone, and zone 7, the posterior medial zone, had significantly greater strength than zone 8, the posterior middle zone (202 ± 72 N, 206 ± 121 N, and 112 ± 65 N, respectively 
M
icrofracture of subchondral bone is one of a myriad of treatments that have been developed to help alleviate the pain of osteochondral lesions in the ankle. 1 This process can also include debridement of loose cartilage, if present. Theoretically, the thick subchondral bone limits blood supply to the cartilage and possible healing; therefore, fracture of the bone allows bleeding and blood supply to the cartilage. Arthroscopic microfracture probes have been developed to produce iatrogenic trauma to the subchondral bone and allow bleeding to introduce stem cells into an osteochondral defect, thus producing a fibrocartilage repair of the defect. 2, 3 Mapping of the subchondral bone strength of the talus and tibial plafond could contribute to better understanding the complex anatomy and physiology of the ankle joint, including advances in understanding of osteochondral talar lesions.
We hypothesized that subchondral bone indentation strength would vary significantly based on location on the talus and tibial plafond. We also hypothesized that puncture strength 
Materials and Methods
Twelve fresh frozen ankle specimens were used (average age 49.1 years [range, 36-56 years]; 9 male, 3 female). The specimens were screened to exclude systemic or local diseases affecting bone morphology. The specimens were stored frozen below −20°C and thawed overnight for testing. The bone mineral density of the calcaneus of each specimen was obtained using standard DXA (dual energy x-ray absorptiometry) scan before dissection. The soft tissues were stripped using sharp dissection, and the talus was isolated and removed. Soft tissue dissection and osteotomy of the tibia 5 cm above the joint line was done, and the tibial plafond was retrieved. The 12 isolated talus and tibial plafond specimens were potted in a wire and polyester construct. The anteriorposterior and lateral-medial dimensions of the specimens were measured using a flexible flat ruler and measuring to the edge of the cartilage on the talar dome and tibial plafaond.
An anatomical grid system with 9 equal-sized zones on the axial plane was inscribed with a permanent fine-point marker on the talar dome and tibial plafond articular surface as previously described. 4, 5 Zone 1 was the most anterior and medial, zone 3 was anterior and lateral, zone 7 was most posterior and medial, and zone 9 was the most posterior and lateral ( Figure 1 ). The intersection point of an X drawn from opposite corners of each zone was used for awl microfracture.
Indentation testing of each talus and plafond was performed on a servohydraulic MTS Mini-Bionix load frame (MTS Systems Corp, Eden Prairie, MN). The compressive load was applied with a standard microfracture awl ( Figure 2 ) at 2 mm/min, 6 and load/ deflection data were collected continuously at 30 Hz. Puncture strength was defined as the first drop in load on the load-deflection curve. The talus and tibial puncture strength was analyzed based on location in the 9-zone grid system.
Statistical analysis was done using 1-way analysis of variance with post hoc Holm-Sidak test using SigmaStat v 3.5 (Systat Software, Inc, San Jose, CA). A P value of ≤.05 was considered statistically significant. Pearson correlation analysis was done using SPSS version 22 (IBM Corp, Armonk, NY) to determine whether there was an association between bone mineral density and average puncture strength of the individual zones of the talus.
Results
Bone mineral density of the specimens (mean ± standard deviation) was 1.42 ± 0.22 gm/cm In the talus, zones 1and 2, the anterior medial and anterior middle zones, respectively, had significantly greater strength than zones 7, 8, and 9, the posterior medial, middle, and lateral zones (P < .001) ( Table 1 ). In the tibial plafond, zone 3, the anterior-lateral zone, and zone 7, the posterior middle zone, had significantly greater strength than zone 8, the posterior middle zone (P < .001) ( Table 1) . Figures 3 and 4 illustrate the puncture strength distribution in the 2 groups.
Correlation analysis showed a strong positive correlation that approached significance between talar dome puncture strength and bone mineral density (Pearson r = 0.55; P = .07).
Discussion
Our results suggest that the bone of the talar dome and tibial plafond is significantly weaker in the posterior region compared with the anterior region. Further biomechanical investigations may show that these findings relate to biomechanical forces on the talus during normal walking. Mapping of the subchondral bone Photograph shows the nine-zone anatomical grid system on the talar dome articular surface in an equal 3 × 3 grid configuration. Zone 1 was the most anterior and medial, zone 3 was anterior and lateral, zone 7 was most posterior and medial, and zone 9 was the most posterior and lateral. The talus is mounted in a wire and polyester construct. Photograph shows the test setup for indentation testing of talus on load frame. Compressive load was applied with a standard microfracture awl. Graph shows puncture strength distribution in the talus.
strength of the talus and tibial plafond may also contribute to better understanding the complex anatomy and physiology of the ankle joint, including advances in understanding of osteochondral talar lesions. As expected, the average talar puncture strength was also positively correlated with bone mineral density. evaluated the material properties of normal cadaveric human cartilage in the ankle joint. Using an automated indentation apparatus in 5 sites in the distal tibia and 8 sites in the proximal talus of 14 human ankles, the authors found the weakest cartilage in the posterior lateral (0.92 MPa) and the posterior medial (0.92 MPa) regions of the talus and the tibial plafond and the strongest cartilage in the posterior medial region of the tibia (1.34 MPa). They found that tibial cartilage is stiffer (1.19 MPa) than talar cartilage (1.06 MPa). Another study noted thicker cartilage at the medial and lateral shoulders of the talus and found that these areas had a higher incidence of osteochondral lesions. 8 A study by Bae et al 2 investigated the damage caused by indentation probes when applied to talar cartilage. They found that the occurrence and extent of chondrocyte cell death increases with indentation depth and force. A recent study by Nakasa et al 9 mapped ankles in 22 patients with the 9-zone system and correlated computed tomography measures of decreased trabecular bone and sclerosis in the subchondral plate with cartilage degeneration in osteoarthritis. The correlation of weaker cartilage and weaker bone should help to increase understanding of osteochondral defects. Indentation testing has been used to identify topographical differences in bone strength in other joints. Harada et al 6 found that the bone of the medial condyles of the proximal tibia were stronger than bone in the lateral condyles and that mean bone strength was higher in men than in women. Differences in bone strength were apparent, involving depth and mediallateral/anterior-posterior location. These data have contributed to increased understanding of normal joint mechanics for design and placement of prostheses in total knee arthroplasty. Similar advances in understanding the ankle may influence ankle joint arthroplasty design.
Our mapping of the bone puncture strength on the talus dome and tibia might also contribute to improved ability to identify and assess the morphology of osteochondral lesions. In our study, we used the 9-zone anatomical grid system described by Elias et al 4, 5 on the talar dome and tibia plafond for an accurate topographical depiction. The primary aim of their study was to evaluate the topographical incidence of 424 osteochondral lesions on the talar dome by location and morphology on magnetic resonance imaging (MRI). They found the most frequent osteochondral lesion in zone 4 (medial middle) and zone 6 (lateral middle). Similar results were found by Hembree et al. 10 They found in 77 MRI studies that 54% of osteochondral defects were located medial central and 31% were lateral central. Previous studies had reported talus dome lesion location in the anterolateral and and posteriormedial aspect of the talus. 11, 12 The relationship between bone resistance to microfracture and osteochondral defect location is complex, and the myriad joint reaction forces in the human ankle joint, especially with motion and weightbearing, probably contribute greatly to the damage causing an osteochondral defect.
This study has limits of cadaveric specimens with no bone damage. Our cadavers were from relatively young people and the findings might not apply to older bone. Also, the bone strength of women and older individuals is lower than that in young men. 13 In this biomechanical study, significantly weaker bone was found in the posterior region versus the anterior region of the talar dome and tibial plafond, and bone puncture strength was strongly correlated with bone mineral density.
